The gravitational asymptotic safety program strives for a consistent and predictive quantum theory of gravity based on a non-trivial ultraviolet fixed point of the renormalization group (RG) flow. We investigate this scenario by employing a novel functional renormalization group equation which takes the causal structure of space-time into account and connects the RG flows for Euclidean and Lorentzian signature by a Wick-rotation. Within the Einstein-Hilbert approximation, the β-functions of both signatures exhibit ultraviolet fixed points in agreement with asymptotic safety. Surprisingly, the two fixed points have strikingly similar characteristics, suggesting that Euclidean and Lorentzian quantum gravity belong to the same universality class at high energies.
General relativity provides a reliable and well-tested theory for the gravitational interactions at distances sufficiently large compared to the Planck scale. Many questions concerning fundamental aspects of space, time, and the gravitational interactions are beyond the scope of this classical theory, however, and may only be answered within a quantum theory for gravity. While there are many proposals for such a theory, the final answer is still elusive. This is mainly owed to the fact that quantizing general relativity via standard perturbation theory requires fixing an infinite number of free parameters, indicating that the theory is perturbatively nonrenormalizable.
This observation still leaves the possibility that gravity constitutes a renormalizable field theory at the nonperturbative level, a scenario known as asymptotic safety [1] . The key ingredient in this scenario is a non-Gaussian fixed point (NGFP) of the gravitational renormalization group (RG) flow which controls the behavior of the theory at very high energies and ensures the absence of unphysical UV divergences. Provided that the NGFP comes with a finite number of unstable directions, the resulting fundamental theory is as predictive as a perturbatively renormalizable one [2] . This non-perturbative renormalizability has already been established for a number of perturbatively non-renormalizable field theories, including gravity in D = 2 + ǫ space-time dimensions [3] .
In the more realistic setting of four-dimensional gravity, the main evidence for asymptotic safety originates either from discrete lattice simulations [4] [5] [6] , or continuum functional renormalization group methods [7] [8] [9] which explicitly demonstrated the existence of a suitable NGFP in a variety of approximations [10] [11] [12] . [24] While showing a remarkable agreement, e.g., in the spectral dimension of space-time at long and short distances [14, 15] , the discrete and continuum approach manifestly differs by a causal structure. In the discrete case causality appears as an essential ingredient for obtaining a suitable classical limit, while the continuum RG computations have all been carried out for generic Euclidean space-times. Thus, understanding of the role of time constitutes an important step in the asymptotic safety program.
Here, we address this fundamental question utilizing a novel functional renormalization group equation (FRGE) tailored to take the causal structure of spacetime into account. The construction relies on the ADMdecomposition of the metric degrees of freedom, which singles out a preferred time-direction and allows to Wickrotate between Euclidean and Lorentzian signature metrics, facilitating a direct comparison between the two settings. In addition, the underlying foliated structure of space-time makes the new flow equation applicable to Horava-type gravitational theories, where an anisotropy between space and time is essential for the improved renormalization behavior [16] .
The starting point for imprinting the causal structure is the ADM-decomposition of the D-dimensional spacetime metric
which foliates the space-time
, and labeled by a preferred "time"-coordinate τ . The M d carry a positive definite metricσ ij (x, τ ) and the lapseN and shift vectorN i connect the coordinate systems on neighboring slices. The signature parameter ǫ captures space-times with Euclidean (ǫ = +1) and Lorentzian (ǫ = −1) signature, respectively. For technical reasons, the τ -direction is taken to be a compact circle with length T , which provides an IR cutoff on the quantum fluctuations in this direction.
The investigation of the asymptotic safety scenario requires an analysis of the underlying RG flow, which is conveniently captured by a Wetterich-type FRGE [7, 17] for the component fields {N ,N i ,σ ij }. Its construction starts from the a priori formal functional integral, Z = DN DN i Dσ ij exp −S[N ,N i ,σ ij ] , which is assumed to be invariant under D-dimensional coor-dinate transformations Diff(M D ) acting on the component fields through the decomposition (1). The resulting gauge freedom is fixed via the background field method, splitting the quantum field into a fixed background (denoted by a bar) and fluctuations (indicated by a tilde) N =N +Ñ ,N i =N i +Ñ i ,σ ij =σ ij +σ ij . Since the background fields are completely at our disposal, we set N = 1,N i = 0, while keepingσ ij (x, τ ) unspecified. This choice guarantees the existence of a unique coordinate system in which the quantum fluctuations are confined to the spatial metricσ ij [18] . The gauge-fixing term for this temporal gauge [19] is
where α L and α S are gauge-fixing parameters. In Landau-gauge, α L , α S → 0, S gf imposesÑ = 0 and N i = 0. The ghost action resulting from this gaugechoice is found in the standard way and, upon a suitable shift of the ghosts, reads
The final piece in the construction is a scale-dependent IR regulator ∆ k S, which suppresses quantum fluctuations with momenta p 2 < k 2 by a k-dependent mass term [7, 8] 
The matrix-valued kernel R k vanishes for k = 0 and is constructed from the background fields only, so that ∆ k S is quadratic in the fluctuation fields. In contrast to the original construction [7] , where the IR-cutoff contains the D-dimensional background Laplacian, we require that R k (∆) depends on the spatial background Laplacian ∆ ≡ −σ ijD iDj only. As a consequence, R k acts as an IR-regulator for spatial fluctuations only. This feature is essential, since it avoids the unbounded differential operators, that would occur once the original construction is carried over to Lorentzian signature. As a consequence, the background gauge symmetry retained by (4) is not Diff(M D ), but encompasses diffeomorphism invariance on the spatial slices only.
Putting all the pieces together and adding a standard source-term S source for the fluctuation fields, one finally arrives at the k-dependent partition function
The effective average action
as the (modified) Legendre-transform of ln Z k in the standard way [7, 17] . It depends on the classical fields
For completeness, we also define h ij ≡ σ ij . Taking the k-derivative of Γ k , the desired FRGE can be cast into the standard form
Here, Γ
k is the second variation of Γ k with respect to the fluctuations and the STr encompasses an integration over spatial loop-momenta together with a trace in field space. With the kernel R k chosen properly, eq. (6) 
, provided these limits exist.
We now solve (6) for a two-dimensional truncation ansatz spanned by the ADM-decomposed EinsteinHilbert action supplemented by the classical gauge-fixing and ghost terms
Here, Substituting (7) into (6), the β-functions for the di-
together with the anomalous dimension of Newtons constant, η N ≡ G −1 k k∂ k G k , can be read off from the coefficients of the volume and intrinsic curvature terms. The extraction of these monomials from the operator trace proceeds as follows. First, Γ (2) k is constructed by expanding Γ k around the backgroundN ,N i ,σ ij to quadratic order in the fluctuations. Subsequently, we adopt Landaugauge, which eliminates the fluctuations in the lapse and shift vector. The remaining fluctuation fields are then Fourier-expanded along the circle-direction, which gives rise to infinite sums over Matsubara frequencies. This structure is well known in the context of quantum field theory at finite temperature [20] and, in the gravitational setting, sums the contributions of the Kaluza-Klein states originating from the compactification of the Ddimensional theory on a circle. The resulting operator structure of Γ (2) k can be simplified further by choosingσ ij as the time-independent metric on the d-sphere, which suffices to track the required interaction monomials. Following [10] , the remaining non-minimal operators are eliminated by a transverse-traceless decomposition of the metric fluctuations
where the Jacobians are compensated by a suitable spectral redefinition. Finally, the IR-regulator R k is constructed as a Type I cutoff [12] , implementing the rule ∆ → ∆ + R k (∆) for the spatial Laplacians. For technical simplicity, we will work with the optimized cutoff [21] 
. With this form of R k , the transverse vector ξ T i and ghost fluctuations do not contribute to the flow. Consequently, the STr splits into a contribution from the transverse-traceless tensor and scalar fluctuations, ∂ t Γ k = T TT + T 0 . The operator traces with respect to ∆ are conveniently evaluated with the early-time expansion of the heat-kernel on
Here, d 2T = 
The β-functions ∂ t g k = β g (g, λ; m) and ∂ t λ k = β λ (g, λ; m) are read off from the volume and intrinsic curvature terms. Besides being funtions of g k , λ k they also depend parametrically on the (dimensionless) KaluzaKlein mass m = 2π/(T k). Eq. (8) explicitly shows that the fluctuations along the circle are captured by Matsubara sums with mass m. The sign of these mass-terms is fixed by the signature of space-time, i.e., ǫ only appears in the combination ǫ −1 m 2 n 2 . Notably, all the sums can be carried out analytically, utilizing n (n 2 + x 2 ) −1 = π(x tanh(πx)) −1 together with suitable parametric derivatives. For x 2 > 0 this resummation leads to hyperbolic functions. For x 2 < 0 the sums can be analytically continued, resulting in trigonometric terms. The analytic structure of the β-functions depends on ǫ and λ and changes at the lines
the Euclidean β-functions are purely hyperbolic while the Lorentzian ones contain only trigonometric terms. For λ > λ (2) the situation is exactly reversed. In the "central region" λ (1) < λ < λ (2) , there is always a mixture of both types of terms. In view of the asymptotic safety program, we now investigate whether the β-functions derived above possess a NGFP {g * , λ * }, satisfying β g (g * , λ * ; m) = 0, β λ (g * , λ * ; m) = 0 with g * > 0. We first turn to the case where T is k-independent, which implies a trivial running of m k , ∂ t m k = −m k . This supplementary equation has a UV-attractive fixed point at m * = 0. Taking the limit m → 0, all trigonometric terms in the β-functions diverge, so that the flow is well-defined in the regions λ < λ (1) for Euclidean and λ > λ (2) for Lorentzian signature only. The only fixed point appearing in this scenario results from the Euclidean β-functions and is located at g * < 0. Thus it is not suitable for rendering the theory asymptotically safe.
The more natural scenario assumes that m is a constant, k-independent number. This corresponds to relating the IR cutoff along the time-circle with the spatial cutoff, T ∝ k −1 . In fact, imposing that the (Euclidean) spatial and time-like fluctuations are cut off at the same momentum scale requires T = k −1 . Thus m = 2π is distinguished and we adopt this value in the following. Remarkably, this entails that all trigonometric terms remain finite throughout the central region λ (1) < λ < λ (2) .
Analyzing the fixed point structure of the resulting β-functions one first encounters the Gaussian fixed point {g * , λ * } = {0, 0}, which corresponds to the free theory and constitutes a saddle-point in the g-λ−plane. Moreover, both signatures give rise to a NGFP ǫ g * λ * g * λ * θ 1,2 +1 0.19 0.31 0.059 1.07 ± 3.31i −1 0.21 0.30 0.063 0.94 ± 3.10i ,
located at g * > 0. The positive real part of the critical exponents θ 1,2 , defined as the negative eigenvalues of the stability matrix B ij = ∂ j β i , indicates that the g-and λ-direction both correspond to relevant scaling fields. Thus, (10) are suitable fixed points for the gravitational asymptotic safety scenario. Notably, the characteristics of the Euclidean NGFP are the same as in the fully covariant computation [8] . The most striking feature displayed in (10) is, however, that the Euclidean and Lorentzian computation gives rise to virtually the same UV-fixed point. This feature is closely related to the analytic structure of the β-functions in the central region, which contain both hyperbolic and trigonometric terms. This structure persists upon moving from Euclidean to Lorentzian signature, and is likely to be at the heart of this consonance.
As shown by the phase portraits displayed in Fig. 1 , the similarity between the Euclidean and Lorentzian theory continues to hold away from the fixed points: the RG flow of the two theories is virtually indistinguishable. Their sole qualitative difference originates from the trajectories flowing towards λ k < 0. In the Euclidean case, these can all be continued to the deep infrared k = 0, while for Lorentzian signature they terminate at a finite value of k when entering the region λ < λ (1) . Again, this difference can be attributed to the analytic structure of the β-functions. The Euclidean β-functions are composed out of hyperbolic terms which are well-defined for all values λ < λ (1) . In contrast, the Lorentzian signature gives rise to trigonometric terms, whose divergences cause the termination of the corresponding RG trajectories.
In conclusion, the novel causal FRGE presented here provides substantial evidence that the RG flows of both Euclidean and Lorentzian gravity feature a non-Gaussian UV fixed point suitable for rendering the theories asymptotically safe. Remarkably, the position and critical exponents of the two fixed points turn out to be virtually identical, indicating that both theories exhibit the same universal UV behavior. The rather surprising result that signature does not matter for gravity at very high energies certainly deserves further investigation and may ultimately shed some new light on the fractal properties of space-time at short distances [14, 15, 23] .
